Eu ions have been implanted along the Si ͗100͘, ͗111͘, and ͗110͘ directions at 623 K with energies ranging from 15 keV to 50 keV. The depth profiles have been measured using Rutherford backscattering spectroscopy ͑RBS͒. A signature of the nuclear Z 1 effect, namely, the enhanced ion range found for some projectiles penetrating into amorphous Si, has been observed under channeling conditions for the Eu ions, through the appearance of extended long tails. The results have been compared to MARLOWE calculations using different interatomic potentials in order to simulate the mechanism responsible for the Z 1 effect. In addition, ab initio calculations for the Eu-Si interatomic potential have been performed in order to investigate the origin of the nuclear Z 1 effect. These calculations show that the formation of quasimolecules at very low energies is responsible for the enhanced ion range.
I. INTRODUCTION
The interatomic potential is a very important issue concerning the physics of penetrating particles at relatively low incident energies. In connection with slowing down statistics, it determines several basic physical properties ͑stopping power, scattering cross section, damage, etc.͒ that have been studied for many years in materials science. The current strategy to compute the interatomic potential in atomic collisions in solids is the use of a common screening function and a corresponding screening length. This unifies the treatment for all ion-target combinations and results in the similarity concept, largely investigated by Firsov 1,2 and Lindhard, Scharff, and Schio "tt ͑LSS͒. The use of a unique interatomic screening function has recently been put forth by Ziegler and Biersack through the introduction of the Ziegler, Biersack, and Littmark ͑ZBL͒ potential, 3 grounded on freeelectron gas ͑FEG͒ calculations. 4 In general, remarkable agreement has been found between the results of range measurements and the ZBL predictions. However, some important differences have been found, among them, the so-called Z 1 effect or Z 1 oscillations. It was first found by Besenbacher and co-workers 5, 6 and Kalbitzer and co-workers [7] [8] [9] and systematically studied by Fichtner and co-workers. 10, 11 This effect appears when some heavy ions are implanted in amorphous Si. The measured projected range of the implanted ions is strongly underestimated by the theoretical predictions, the disagreement being a function of the implantation energy, which is very large at energies below 20 keV and vanishes at Eу70 keV. The Z 1 oscillations cannot be reproduced by using FEG calculations for each specific iontarget combination. They have been attributed to deformation of the electronic clouds during the projectile-target collision. For simple gas systems 6 ab initio calculations indicate the formation of a quasimolecule. However, for solids and heavy projectiles, no direct calculations have been done so far. In what follows we will use the term Z 1 effect not for the effect as a function of ͑neighboring͒ atomic numbers, but in a more general way, for the systematic difference between the experimental data and theoretical predictions based on a common interatomic screening function and corresponding screening length ͑such as the ZBL interatomic potential͒ found at low implantation energies.
Since the Z 1 effect comes from collisions at large impact parameters it is natural to address the question of its influence for axial channeling implantations. In this case, the ions are focused and the ion flux has a maximum in the middle of the channel. Then, a reduced energy loss due to the possible formation of a quasimolecule will give rise to larger ion ranges than those predicted by standard calculations.
In this work we have investigated the Z 1 effect under axial channeling conditions. In previous range studies 11 it has been observed that Eu implanted into amorphous Si has Z 1 effect characteristics whereas Bi implanted ions do not. Lately, it was also observed that even under channeling conditions the Bi range profile at low energies 12 does not present the Z 1 effect. Then, in view of the above considerations, it is interesting to ask whether and how the Z 1 effect appears for Eu implantations under channeling conditions. For this purpose, we have implanted Eu along Si ͗100͘, ͗110͘, and ͗111͘ directions at energies from 15 up to 50 keV, and determined the corresponding depth profiles by using the Rutherford backscattering ͑RBS͒ and RBS/channeling techniques. The implantations were performed at 623 K in order to avoid sizable damage on the Si substrate and consequently dechanneling during the implantation process. It will be shown that the measured range profiles of Eu ions along Si main directions display pronounced tails that are not reproduced by standard range theories. However, ab initio calculations of the interatomic potential using pseudopotentials for Eu colliding on Si atoms can reproduce the measured profiles for all channeling and also for random directions. In Sec. II the experimental procedure for high-temperature implantations and depth profile analysis is described. The binary collision program MARLOWE used to simulate the channeled depth profiles is also described in Sec. II. The experimental results are found in Sec. III and discussed in Sec. IV in connection with theoretical simulations and ab initio calculations of the interatomic potential.
II. EXPERIMENTAL AND THEORETICAL PROCEDURES

A. Experiment
The Eu ions were implanted into Si ͗100͘ and Si ͗111͘ samples. The implantations along the ͗110͘ direction were performed with ͗100͘ samples, with a tilt angle of 45°to the sample's normal relative to beam direction. Before each implantation, the samples were cleaned and etched to remove the native oxide on the film ͑and other impurities on the surface͒ by using 10% HF acid. Immediately after, the samples were mounted on a three-axis goniometer of 0.005°p recision. The evacuation of the implantation/RBS chamber started at once, yielding a final vacuum of the order of 10
Ϫ7
Torr. The Si wafers were initially aligned along the desired channeling direction using an 800 keV ␣-particle beam. The ␣ particles were detected by a surface Si͑Li͒ barrier detector placed at 165°with respect to the beam direction. The overall resolution of the detecting system was about 12 keV and the angular divergence of the ␣ beam better than 0.03°. After the alignment the sample holder was heated to 623 K. Subsequently, the alignment of the sample was checked, in order to rule out possible effect due to dilatation of the goniometer. In the next step, the Eu implantation was performed.
The implantation of a heavy ion like Eu into Si crystal presents a basic experimental difficulty: it produces defects on the sample, even for very low implanted fluences. For this reason, Eu implantations were performed at 623 K. At this temperature, the dynamical annealing minimizes the damage produced by the ion implantation process.
In order to find the best implantation conditions we have determined, for each implantation energy, the maximum fluence that does not introduce sizable damage on the Si substrate at 623 K. For this purpose, we have implanted, with increasing Eu fluences, the ͗100͘ aligned Si substrate. Subsequently, we performed channeling experiments in order to determine the minimum backscattering yield min immediately behind the Si surface peak. This procedure was followed for each Eu implantation energy. In all cases the implantation current density was of the order of 20 nA/cm 2 . For 30 keV Eu ͑at 623 K͒ up to a fluence of ⌽ϭ1.5 ϫ10 14 at./cm 2 we did not observe any difference between the as-implanted and the virgin samples ͑the min was about 4%͒. However, when the implantation fluence was raised to 3ϫ10 14 at./cm 2 min increased to 8%, indicating the formation of sizable damage in the Si substrate despite the high temperature of implantation. This tendency was more evident when the Eu fluence was increased and for ⌽ϭ8 ϫ10 14 at./cm 2 , where the implanted region was completely damaged ( min ϭ100%). For this energy we estimated that ⌽ϭ1ϫ10 14 at./cm 2 was an adequate fluence to be implanted without introducing a sizable damage in the substrate. The same procedure was followed for all implantation energies. The implantation energies varied between 15 and 50 keV and were performed in channeling direction at the three ͗100͘, ͗110͘, and ͗111͘ main Si axes.
The Eu as-implanted samples were analyzed both at channeling and random directions. In the latter case the samples were measured at a tilted geometry with the beam impinging at 40°-50°to the sample's normal. Consequently, we improved our depth resolution down to 100 Å . The energy to depth conversion was performed using the He stopping powers from Ref. 13 for the random case and the data from Ref.
14 for the channeling measurements. The main error in the conversion procedure is due to uncertainties in the stopping power of the particles, estimated to be of the order of 5%. 13, 14 On the other hand, the errors in the range measurements, estimated from the stability of the Si edge in several measurements, turned out to be better than 1.5 nm. It should be stressed that special care was taken in order to avoid pile-up effects when the samples were analyzed. For this purpose a very low ͑less than 10 nA͒ He current was used for the Rutherford backscattering under channeling conditions ͑RBS/Ch͒ experiments. In addition, an electronic pile-up rejection system was employed.
B. Theoretical predictions
The depth profile measurements were compared with the binary collision code MARLOWE by Robinson and Torrens. 15 It is a comprehensive computer program that has been developed for the simulation of atomic displacement in a variety of crystalline solids using the binary-collision approximation to determine the particle trajectories. The atomic scattering is governed by a screened potential ͑Moliere, 16 ZBL, 3 etc.͒. These potentials are spherically symmetric and thus no solidstate effects are taken into account. However, these effects may come into play only for very large impact parameters where the valence-electron density integrated along the ion path cannot be considered as uniform. This, nevertheless, may be possible only for the widest channel of Si (͗110͘). The target atoms are distributed about their lattice positions according to a Gaussian distribution due to the thermal vibrations, the amplitude being taken from the Debye-Waller model. 17 The possible effect of spatial correlation between neighbor atoms is not taken into account in the simulations because this effect is of minor importance. 18 The inelastic energy loss can be separated into local and nonlocal contributions. The program provides the positions of the implanted ions both for crystals as well as for amorphous targets. More recently the program has been improved by taking into account temporal aspects of binary collisions. 21 This last version was used in the present work.
III. EXPERIMENTAL RESULTS
As mentioned above, in order to study the Z 1 effect under axial channeling conditions, we performed implantations along the Si ͗100͘, ͗111͘, and ͗110͘ channeling directions for different incident energies. In Figs. 1-3 the depth profiles of implanted Eu along the ͗100͘, ͗111͘, and ͗110͘ channeling directions are shown for energies between 15 and 50 keV. All the range profiles show similar features: they have a deep maximum and much broader distributions than those observed in amorphous Si. In addition to the experimental data, the theoretical predictions by the Monte Carlo MARLOWE program are represented by solid and dashed lines. The MARLOWE calculations were convoluted with the resolution of the electronic system in order to be compared with the experimental data. As input to the MARLOWE program we have used the ZBL interatomic potential, a modification thereof, and ⌰ D ϭ490 K as the Debye temperature. As shown in previous works, 12, 19, 20 this value describes the thermal vibrations of Si properly. The choice of the electronic stopping power has been shown to be of minor importance.
An inspection of Figs. 1 and 2 shows that although the maximum of the range profile is well reproduced by the simulations, the experimental data have longer tails deep inside the target. This effect indicates that the energy loss of the well-channeled ions is overestimated by the MARLOWE standard simulation. In a previous work, 12 we implanted Bi along the Si ͗100͘ direction under the same conditions, in the same energy range ͑20-40 keV͒, and following a similar experimental procedure. These results were compared to MARLOWE simulations and excellent agreement was observed. In particular, the Bi concentration tails were very well reproduced by the calculations. Therefore, the appearance of the Eu longer tails, not reproduced by the simulations using the ZBL potential, can be considered to be the manifestation of the Z 1 effect under channeling conditions. In principle, it could be questioned if the extended tails are spurious, originating from Eu thermal diffusion due to the high-temperature implantation, radiation-enhanced diffusion ͑RED͒, or from pile-up effects during RBS analysis. The RED mechanism can be ruled out because it would appear for all studied projectile energies and the extended tails are observed only for low energies. It should be stressed that in some few cases we have modified the Eu implantation fluence without observing any changes in the depth profile tails. Concerning the Eu diffusion mechanism, we have performed Eu diffusion experiments by doing 623 K implantations followed by thermal annealing at the same temperature for 30 min ͑which corresponds to the Eu implantation time͒. In addition, some annealings were performed for longer periods of time at the same temperature. In all cases no significant Eu diffusion was detected, the estimated upper limit for the diffusion coefficient being 1ϫ10 Ϫ20 m 2 s Ϫ1 . Thus diffusion mechanism cannot account for the observed extended tails. Concerning the pile-up effects it could be mentioned that in addition to the analysis in random direction, the range profiles have also been determined in channeling directions. Under these conditions pile-up effects are strongly reduced. Finally, it should be emphasized that we have not observed differences between the Eu-RBS spectra taken under random or channeling directions. Another feature shown in Figs. 1-3 that corroborates the manifestation of the Z 1 effect is the dependence of the extended long tails on the projectile energy. This dependence was already observed when the Eu implantations were performed in random directions and it has been taken as a signature of the Z 1 effect. 10, 11 We can quantify this effect by taking the width of the range distribution at 1/5 of the maximum ͑FWFM͒. The ratio M Z 1 between the FWFM for the experimental data and the FWFM from the MARLOWE calculations is displayed in Fig. 4 , as a function of the projectile energy, for the three channeling directions. As can be observed from this figure, the effect is largest for the lowest implantation energy and decreases with increasing ion energies, disappearing at 50 keV. Furthermore, the effect is very similar for the Si ͗100͘ and ͗111͘ channeling directions.
These two channels have about the same cross section, although the geometry is quite different, yielding almost the same maximum impact parameter in an ion-target collision ͑1.4 Å for the ͗100͘ and 1.5 Å for the ͗111͘ direction͒. Since the Z 1 effect is related to small energy transfers in ion-solid collisions, we would expect larger effects for implantations along the widest channel of Si, namely, the ͗110͘ direction.
However, as can be observed in Fig. 2 , the range distribution of Eu implanted along the ͗110͘ direction, at energies ranging from 15 keV to 50 keV, observed as well as in Fig. 4 , the FWFM as a function of the Eu energy, there is no difference, within the experimental errors, between the experimental Si ͗110͘ data and the MARLOWE simulation. It is also pointed out that along this direction the Eu penetrates depths about 25 times larger than those in random directions.
IV. DISCUSSIONS
A. Channeling depth profiles
As was mentioned in the Introduction the Z 1 effect was first observed by Besenbacher et al. 5 and Kalbitzer and co-workers 8, 7 and further characterized by Fichtner and co-workers. 10, 11 It was found that Au and Eu, among other ions implanted into amorphous Si, give rise to projected ranges larger than standard theoretical predictions. The effect was quite noticeable at very low implantation energies and disappears completely for Eу70 keV. The present results for the ͗100͘ and ͗111͘ directions show the same characteristics, but mainly regarding the tail distributions. They are not reproduced by MARLOWE calculations based on the ZBL interatomic potential, the simulated distributions being shallower than the experimental ones. The difference decreases with increasing implantation energy, reaching good agreement for Eϳ50 keV. This behavior differs from what was observed when Bi ions were implanted into Si ͗100͘ direction at different energies. 12 In this case the MARLOWE calculations, using the same input parameters as in the present case, have reproduced quite well the experimental results for the all implantation energies.
For random materials, a semiphenomenological approach to describe the Z 1 effect has been successfully applied to a wide variety of projectiles implanted into amorphous Si.
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This procedure was based on the reduction of the nuclear energy transfer by cutting the interatomic potential at the sum of the ionic radii. 11 In order to reproduce the experimental channeling range profiles of Eu we have followed the same procedure. Thus, MARLOWE simulations were carried out, cutting the potential energy ͑the ZBL potential͒ at distances where a quasimolecule could be formed, about the sum of ionic radii of Eu and Si. The results of the simulations, although reproducing the experimental findings for amorphous Si-see Refs. 10 and 11, are in complete disagreement with the channeling experimental data. In fact, the introduction of a cutoff in the interatomic potential not only reduces the stopping power of the ions, but also leads to an enhancement of the dechanneling. Figure 5 displays the projectile scattering angle in the laboratory system as a function of the impact parameter for a collision of 20 keV Eu on Si. For an impact parameter of about the cutoff distance (ϳ11a ZBL , where a ZBL is the ZBL screening length for the Eu-Si pair͒ a rainbow scattering is observed, namely, a divergent differential scattering cross section at ϳ0.6°, which strongly enhances the dechanneling probability. Therefore, the interatomic potential should be modified in a different way in order to avoid artificial dechanneling processes at low-energy implantation.
Here we implement a nonabrupt reduction of the interatomic potential energy by multiplying the ZBL interatomic potential by a Fermi-Dirac function as 
where R c is a distance corresponding to the sum of ionic radii of the projectile and target, and ⌬ is a parameter related to the width above which the potential energy is negligible. We are now in position to investigate why the Z 1 effect is negligible for the widest channel in Si, namely, the ͗110͘
one. As mentioned in Sec. III, the electronic energy loss plays a very minor role in the determination of the implantation profile for channeling Eu in the present energy range. However, due to the strong reduction of the nuclear energy transfer at distances about the sum of the ionic radii, the electronic energy loss may dominate over the nuclear one at very large impact parameters. Then, in the case of a very open channel, the long tails are dominated by the electronic energy loss and the Z 1 effect is much less pronounced. The Z 1 effect can be quantified by taking the difference ⌬T(b) between the nuclear energy transfer calculated with the ZBL interatomic potential and the one with the potential V c from Eq. ͑1͒. In Fig. 6 ⌬T(b) normalized to the total energy transfer T total (b) is displayed as a function of the impact parameter for three projectile energies. Here we have used T total ϭT ZBL ϩQ(b), where Q(b) is the electronic energy loss according to the Oen and Robinson formula. 22 An inspection of this figure shows, first, as expected, that the effect of reducing the interatomic potential is larger for lowenergy collisions and disappears for projectile energies higher than 50 keV. Second, the effect has a maximum for collisions with a given impact parameter. This behavior is a consequence of the dominance of the electronic energy loss over nuclear one. It means that for very open channels, such as the Si ͗110͘, the Z 1 effect in the nuclear energy loss is overshadowed by the electronic stopping power.
B. Ab initio interatomic potential for Eu-Si
The interatomic potential from Eq. ͑1͒ is able to reproduce all channeling depth distributions describing, in this way, the extended long tails observed for Eu implantation along Si ͗100͘ and ͗111͘. However, this potential comes from a best fit procedure with a single parameter. Then, in order to verify that the observed extended tails really come from a reduction of the potential energy between the projectile and target due to a formation of a quasimolecule, we have performed ab initio calculations of the interatomic potential for the Eu-Si pair. The GAUSSIAN94 program was used throughout. 23 Although ground-state calculations involving two first and/or second row atoms are common in computational chemistry, this is not so for heavier elements. Quantum chemistry calculations involving lanthanide atoms have only recently received greater attention due to their intrinsic chemical interest, theoretical challenge, and the appearance of more powerful computer resources.
The ground-state electronic configuration of the two atoms are Si:͓Ne͔3s 2 3 p 2 ( 3 P) and ͓Xe͔4 f 7 ,6s 2 ( 8 F), where ͓X͔ represents the electronic configuration of the noble gas X. The spin multiplicity is (2Sϩ1), S being the spin quantum number, and equals 3 for Si and 8 for the Eu. The Eu atom, like some lanthanides and some actinides, has a high spin multiplicity because its ground state is stabilized by having the greatest possible exchange energy, the value of which value is only nonzero for electrons having parallel spins.
As the purpose of the ab initio calculations was to check if the Si and Eu atoms, assumed to be in their ground states, would have a stabilization energy not provoked by an artificial binding due to spin pairing ͑the usual way that bonds are formed in stable molecules͒, we computed the ab initio energies assuming that each atom preserved its original spin multiplicity. Therefore, we have performed the calculations using a total spin multiplicity of 10 for the Eu-Si system. Further details of the present calculation are presented in the Appendix. Figure 7 shows the results of the ab initio calculations ͓density functional theory ͑DFT͔͒ for the Eu-Si interatomic potential. In order to better compare the DFT with the V c and the ZBL potentials, Fig. 7͑a͒ displays the DFT potential energy subtracted by 10 eV ͑see DFT*). In fact, this does not change the dynamics of the collisions, but requires a redefinition of the energy in the center of mass frame.
For interatomic distances smaller than 0.6 Å the DFT potential is equal to the ZBL potential. For larger distances up to 1.2 Å , the calculated potential is identical to the V c and for rϾ1.4 Å the DFT potential is attractive, with a minimum near rϭ2 Å. Then, the ab initio calculation shows the formation of an stable quasimolecule, even with the nonallowance of spin pairing.
Given the results of the DFT calculations, it would be highly desirable to introduce the DFT potential in MARLOWE and compare its predictions to our experimental data. However, the introduction in MARLOWE of a potential with an atractive region is not a trivial task. In fact, the implementation of the binary collision approximation in our version of MARLOWE ͑version 13c͒ deals with strictly repulsive potentials. Nevertheless, it is possible to draw some interesting conclusions by comparing the DFT potential with the V c potential from Eq. ͑1͒. For example, for the interatomic distances above rϾ1.4 Å for which the potential V c differs from the DFT calculations, the interaction energy is of the order of 10 eV. In the laboratory frame of reference, this corresponds to the potential energy at the distance of closest approach in a head-on collision between an Eu ion with 50 eV of kinetic energy and a Si atom. An Eu with such a low energy has a range representing only a tiny contribution to its total range. In other words, the V c potential is identical to the ab initio potential in the region of interatomic distances relevant to the determination of the implantation depth profiles. In this way, one can foresee that the introduction of the DFT potential in MARLOWE will not change substantially the predictions of the V c potential.
The above discussion gives strong theoretical support to the phenomenological potential that we have suggested in Eq. ͑1͒. The introduction of the V c potential in MARLOWE is able to reproduce all the available experimental data on Eu implantations on Si ͑both for random and channeling implantations͒. Moreover, ab inito calculations of the interatomic potential have also been performed for the Bi-Si system. In this case the obtained potential is purely repulsive, that is, no quasimolecule formation is observed. This feature is in agreement with the absence of Z 1 effect for this system for random 10, 11 as well as for channeling implantations. 12 Thus, we find strong evidence that the Z 1 effect has its origin in the formation of quasimolecules during low-energy collisions.
V. CONCLUSIONS
In the present work we have investigated the depth profiles of Eu ions implanted under channeling conditions along the Si ͗100͘, ͗110͘, and ͗111͘ directions in the 15 to 50 keV energy interval. The experimental results were compared with the predictions of MARLOWE, a simulation program that requires, among other input parameters, an interatomic potential to describe the Eu-Si binary collision. The Eu depth profiles along the Si ͗100͘ and ͗111͘ directions show long tails deep in the Si bulk not reproduced by the MARLOWE simulations. The theoretical-experimental disagreement is maximum for the lowest implantation energies and decreases with increasing energy, achieving quite good agreement for the highest energy ͑50 keV͒. This behavior is a signature of the nuclear Z 1 effect already observed for the same iontarget combination but for amorphous Si. We have also observed the absence of this effect for the ͗110͘ direction. In fact since this channel is the widest in Si, the electronic stopping plays an important role and is dominant over the nuclear one, hiding in this way the Z 1 effect. In order to reproduce our experimental results we have introduced a FIG. 7 . ͑a͒ ZBL potential ͑dashed line͒ compared to the DFT* ͑DFT potential subtracted by 10 eV͒ ͑solid line͒ and to the potential V c ͑dotted line͒ proposed in Eq. ͑1͒. ͑b͒ DFT potential shown in detail. As it can be seen, the DFT potential is attractive for R у1.4 Å. smooth cutoff in the ZBL potential at an interatomic distance corresponding to the sum of the ionic radii of Eu and Si. Following this procedure we were able to reproduce not only all the channeling data but also the previous ones obtained for Eu implanted in amorphous Si. It should be pointed out that this agreement was obtained with only one free parameter in the interatomic potential, a parameter that has the same value for all simulations. In order to get an inside view on the underlying physics involved with this semiempirical potential we have performed ab initio calculations for the Eu-Si interatomic potential based on density functional theory. The results have shown that the formation of Eu-Si quasimolecules is responsible for the nuclear Z 1 effect for low-energy ion-target collisions. This argument was previously advanced but never proved in a conclusive way as done in the present case.
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APPENDIX
The present ab initio calculations of the interatomic potential employed the Gaussian basis set known as SBKJC. 24, 25 The core electrons were assumed to be frozen, described by an effective core potential ͑ECP͒ for each atom. Therefore, the core electrons screen the Coulomb field from the nuclei, this physical effect being described by an ECP. The Gaussian basis set had 8 electrons as the Si core 24 and 46 electrons for Eu, 25 both cores described by ECP's. The remaining electronic shells were described by atom centered Gaussian functions. Both basis sets included relativistic effects in the description of their ECP's, known to be especially important for heavy atoms such as the lanthanides.
The Hartree-Fock approximation does not give a balanced description of potential energy curves over the whole range of internuclear distances R. The reason is that the interaction between the electrons are treated in an average way. Therefore, it is necessary to go beyond the Hartree-Fock approximation to describe the correlation of the electrons' movement. We accomplished this through density functional theory ͑DFT͒ calculations based on the self-consistent KohnSham procedure. 26, 27 The DFT theory is based on the electronic density distribution n(r). Its starting point is writing an energy functional dependent on the electronic distribuition, E͓n͑r ͔͒ϵ ͵ v͑ r ͒n͑ r ͒drϩ͗⌿͓n͑ r ͔͉͒TϩU͉⌿͓n͑ r ͔͒͘,
͑A1͒
where v(r) is an arbitrary external potential, U is the interelectronic Coulomb repulsion between the electrons, T is the kinetic energy of the electrons, and ⌿ is the full N-particle ground-state wave function. From this equation it is possible to obtain an upper bound for the ground-state energy. By making suitable approximations to the second term in the above equation, F͓n(r)͔ϭ͗⌿͓n(r)͔͉TϩU͉⌿͓n(r)͔͘, it is possible to rederive the Thomas-Fermi equations and its refinements. 26, 27 We may extract from F͓n(r)͔ its largest and elementary contributions, 
͑A2͒
where T s ͓n(r)͔ is the kinetic energy of a noninteracting system with density n(r), and the next term is the classical expression for the interaction energy. The E exc term is the so-called exchange correlation energy and it is defined by the above equation. It is then possible to transform the Euler-Lagrange equation associated with the stationarity of E exc into a new set of self-consistent equations, the so-called Kohn-Sham equations. 26, 27 If in principle an exact expression for E exc could be obtained, the Kohn-Sham equations would be exact. However, there is no exact expression for E exc , and the various variants of the DFT models are distinct one from another according to the form of the function E exc . In the present work we used a correlation generalized gradient approximation 26, 27 for E exc known as B3LYP, as it uses Becke's three-parameter exchange functional 28 ͑B3͒ with the Lee-Yang-Parr correlation functional 29 ͑LYP͒. This form of E exc has been used very much in the literature, and has given good results for a great variety of molecular systems. In order to obtain the interatomic potential, we have also to add the contribution of the Eu and Si core electrons. This was performed by using the free-electron gas approximation FEG.
